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We decided to examine whether the mechanism for 
production of granulation tissue during moist wound 
healing under a vapor-permeable membrane (VPM) is 
related to a fibroblast growth-promoting substance in 
the -wound fluid beneath the VPM. The experimental 
design utilized growth curves performed on synchro-
nized fibroblast cultures derived from 2 normal infants. 
Cell counts were performed at days 1, 4, 7, and 11 
(saturation density) . VPM fluid (MWF, moist wound-
healing fluid) from 7 different patients was used to 
supplement growth medium (GM) in the test growth 
curves. Both 2 % MWF alone and 2% MWF plus 2% 
human serum (2+2) were evaluated for each patient. 
Control curves were conducted using GM supplemented 
with 2 %, 4%, and 10% human serum (HS). When 2 % 
MWF alone was added to culture medium, all cells lifted 
off the surface of the flask within 4 - 7 days. If (2+2) 
was used to supplement the medium, detachment did not 
occur. At days 4, 7, and 11, (2+2) flasks had signifi-
cantlY greater cell densities than did flasks supple-
mented with either 2 % or 4% HS alone (p < 0.001) . At 
days 4 and 7, (2+2) cell counts were the same as 10% 
HS cell counts (p = 0.99) . By day 11, (2+2) cell counts 
exceeded those of 10% HS (p < 0.01). We conclude that 
the fluid that · collects under the specific VPM used in 
this study when added to HS causes synergistic stimu-
lation of fibroblast cell division and an altered pattern 
of fibroblast growth. 
We have recently shown that bacterially contaminated ulcers 
of the skin heal , on the average, 2.5 times faster when treated 
with a vapor-permeable membrane (VPM) than when treated 
with 10% benzoyl peroxide lotion [1] . During the healing of 
deep wounds, it was observed that the entire defect filled with 
granulation tissue before reepithelialization would . take p lace. 
This finding is characteristic of moist wound healing under a 
VPM (1 ,2 ]. 
This unusual dermal response in moist wound healing caused 
us to exam ine the effect of the fluid accumulated under the 
VPM on fibroblasts in cu ltures. We decided to determine 
whether the mechanisms for this exuberant granu lation tissue 
response might be related to a fibroblast-growth -promoting 
substance in t he VPM f1u id. This report detai ls our findings 
u s ing VPM fluid from 7 patients. 
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MATERIALS AND METHODS 
Collection and Processing of Moi..~t Wound-Healing Fluid (MWF) 
Seven patients whose cutaneous ulcers were treated with the VPM 
Opsite were included in this study. Fluid aspirated from beneath the 
membrane was collected over 2- 10 weeks depending on the amount of 
fluid produced. For each patient, the MWF collections were pooled in 
order to obtain a sufficient volume to perform the experiments. In 
order to eliminate particulate debris, all fluids were centrifuged after 
pooling the samples at 600 g for 10 min at 4 ·c. The supernatant was 
then passed through a stacked series of sterile prefil ters and filters 
(Mill ipore) , with a final pore size of 0.45- 0.22 J.lm. For very t hick 
samples, fi ltering was ini tiated wi th a Swinnex 25 prefilter and a fi lter 
with a pore size of 1.2 J.lm , while less viscous samples required only the 
0.45 I'm or 0.22 J.liD pore size. The MWF from 5 patients was stored at 
-20"C for up to 2 years while t he remaining 2 samples were collected 
and frozen several days prior to use. 
Human Seru.m. (HS) 
Whole blood was collected from 6 normal adult volunteers, allowed 
to clot for 1 h at room temperature followed by 1 h at 4 ·c, and 
centrifuged at 600 g for 10 min at 4 ·c. Serum was pooled and stored at 
- 20"C. 
Culture Medium 
Eagle's minimum essential meclium with Earle's salts, containing 
0.01 M Hepes buffer (GIBCO) was used for the experiments. Fetal 
bovine serum (FBS) (Flow Laboratories) was used for subcultivation 
of stock cell cultures. Culture medium for experimental procedures 
only was supplemented with 100 U penici llin and 100 mg streptomycin/ 
ml (GIBCO). 
Fibroblast Cell Lines 
Two human skin fibroblast cell lines (HF18 and HF1 2) were used, 
the former from 3-day-old infant foreskin, the latter from normal skin 
adjacent to a cyst from the forehead of an 8-month-old male. Fibroblast 
cultures were maintained in culture meclium containing 10% FBS in 
75-cm2 plastic flasks (Falcon) at 37"C in a humidified atmosphere of 
5% C0 2• All experiments were performed between the 8th and 22nd 
population doubling, which is well within the normal lifespan of these 
cell lines. Cultures were determined to be free of mycoplasma by both 
fluorescent Hoechst stain [3] and clirect agar culture (Flow Laborato-
ries) . 
All experiments were performed using cell line HF18. Patient 1's 
2+2 (2% MWF plus 2% HS) fluid was additionally tested with cell line 
HF12. 
Experimental Procedure 
Human fibroblas ts were seeded at a density of 1 X 10' cells per 25-
cm2 plastic flask (Falcon) in 5 ml of culture medium containing 10% 
FBS. After 24 h of incubation t he medium was replaced with medium 
containing 1% FBS and cultures were incubated for an additional 8 
days with no further media change. Thus, cultures were maintained in 
a stationary growt h phase due to depletion of serum in the meclium 
[4]. 
Outgrowth Procedure 
At the end of the 8-day depletion stage, cell number was determined 
in triplicate and used as Day 0 baseline. Culture medium from the 
remaining flasks was exchanged for 5 ml of medium containing either 
2% MWF or 2% MWF plus 2% HS (2+2). Both of these experimental 
fluids were evaluated for each of the 7 patients, using a single outgrowth 
for each patient's fluid. Control cultures contained either 2% HS, 4% 
HS, 10% HS or culture medium with no serum supplement (0% HS). 
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Two outgrowth procedures were performed for each of these serums. 
All experimental flasks were decanted and received 5 ml of fresh ly 
prepared medium at days 4 and 7. 
Cell Density Determination 
On days 1, 4, 7, and 11, ce ll number was determined. Duplicate 
counts on 3 !lasks were done on each of these days. The cell monolayer 
was washed twice with saline and then exposed to 3 ml of trypsin/ 
EDTA (0.5 g trypsin/0.2 g EDT A/li ter, GIBCO) for 6- 10 min at 37•c . 
A single-cell suspension was obtained by gentle pipetting. The suspen-
sion was stained with trypan blue exclusion dye (0.04%, GIBCO). An 
aliquot was taken for counting with a hemocytometer. Both cell number 
and cell viabili ty were determined during each count. Cell denstty was 
expressed as the number of viable cells per 25-cm2 flask . 
Statistical Method 
All values reported represent the mean ± SD of at least 6 observa-
t ions. Significa nces were calculated according to the two-tailed un-
paired t-test. Differences were considered significant when the p value 
was less than 0.05. 
RESULTS 
Effect of MWF on Cultured Human. Fibroblasts 
A concentration of 2% MWF in culture medium caused cells 
to detach from the surface of the flask within 4- 7 days (Fig 
1A ). There was no further increase in cell density once a ll cells 
had detached. The mean viability of these detached cells, how-
ever, was 91.0 ± 8.4 %. 
Effect of MWF in Combination with HS on Cultured Human. 
Fibroblasts 
When cu lture medium contained (2+2), t here was a marked 
increase in cell density when compared to HS alone (Fig 2). 
The cell detachment seen in cultures exposed to MWF alone 
was not observed in (2+2) cu ltures (Fig 1B). 
After 1 day of treatment with (2+ 2), t he cell density of 
fibroblasts was significantly higher than that of t he fibroblasts 
t reated with 2% HS a lone (p < 0.05) (Fig 2). 
S imilarly, after 4, 7, and 11 days of treatment with (2+2), 
the cell density was significantly higher t han with either 2% 
HS or 4% HS alone (p < 0.001) (Fig 2). 
Moreover, fibroblasts exposed to (2+2) had a cell density 
equivalent to the control concentration of 10% HS from days 
1 through 7 (p = 0.99, no significant diffe rence). By 11 days of 
treatme nt, cell density in (2+2) cultures had exceeded the 10% 
HS control (p < 0.01) (Fig 2). 
An a ltered pattern of growth was observed in confluent 
cultures when fibroblasts treated with (2+2) were compared to 
those t reated with 10% HS alone. The latter cultures demon -
strated the usual monolayer growth pattern (Fig 1C) with 
density-dependent growth inhibition (Fig 2). Fibroblasts 
treated with (2+2), however, showed a multilayered, reticulated, 
growth pattern interspersed with areas free of cells (Fig 1B). 
As shown in Fig 2, fibroblasts grown in 0% HS did not show 
increase in cell number. The cells, however, remained firmly 
attached to t he surface of the flask . 
The mean viability of all ce ll determinations was 95.5 ± 2.5% 
with a range of 88.6- 100%. 
There was no difference in results using freshly obtained 
MWF vs MWF stored at -2o•c for 2 years nor was there a 
difference using either cell line. 
DISCUSSION 
In our init ia l attempt to dete rmine t he mechanism of moist 
wound healing, guinea pig and human fibroblast cultures were 
supplemented with 0.01- 10% MWF. With concentrations of 
2% or greater , fibroblasts rounded up and became detached 
from t he surface of the flask. Fluid from a ll 7 patients in this 
study also caused detachment of fibroblasts from the culture 
fl ask. This phenomenon was not obse rved with equivalent 
Vol. 84, No.6 
FIG 1. Photomicrographs of fibroblast cultures (scale bars = 0.1 
mm). A , Rounded, detached cells after 6 days of growth in medium 
containing 2% MWF. B, Multilayered, reticulated cell pattern after 6 
days of growth in medium containing 2% MWF plus 2% HS. C, Control 
monolayered cells after 7 days of growth in medium containing 10% 
HS. 
concentrations of only HS nor was it seen in flasks supple-
mented with growth medium alone. 
Since these findings in t he laboratory could not be reconciled 
with the known clinical effect of the VPM, it was decided to 
attempt to make the culture conditions more similar to the 
clinical situation. One possibility was that t he blood supply at 
t he base of the ulcer continuously exchanged serum proteins 
with the VPM fluid. Therefore, human serum was added to the 
MWF. When this combination of serum and MWF was used 
to supplement the cultures, detachment did not occur. This 
tinding was the basis for comparing fibroblast cultures supple-
mented with (2+2) to the various concentrations of HS as 
outlined in t he resul ts. 
Several interesting observations were made. The most un -
expected finding was synergistic stimulation of fibroblast divi-
sion by using (2+2) to supplement the culture medium. Two 
percent MWF was chosen because it was the lowest concentra-
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FIG 2. Effect of the combination of VPM flu id (MWF) plus HS 
fibroblas t growt h cu rves. At time zero, the various control concentra-
tions of HS or the combination of 2% HS plus 2% MWF (2+2) were 
added to quiescent human fibroblast ce ll cultures. The density-depen-
dent s aturation plateau normally demonstrated by fibroblasts grown in 
10% serum was surpassed by day 11 in all (2+ 2) cultures (p < 0.01). 
tion that consistently caused detachment. Doubling t imes of 
the (2+2) cultures were t he same as t hose supplemented wit h 
10 % HS . However, a statistically higher saturation density was 
reached in t he (2+2) cultures. These findings might partly 
explain t he clinical observation with moist wound healing t hat 
granulation tissue usually fills t he depth of a wound before 
reepithelialization is complete. It is possible that a substance 
such as p latelet-derived growth facto r is released into t he fluid 
causing rapid fibroblast proliferation [5]. Alternatively, a prod-
uct of bacteria l metabolism, neutrophil-derived lysozymal en-
zymes, or a component of t he VPM itself might be responsible. 
Whether t he fibrob last stimulation is caused by t he local release 
of growth-promoting substance(s) or the presence of such a 
substance(s) in the circu lat ion of patients with chronic ulcers 
will only be answered by using control serum from individuals 
wit h long-standing ulcers. 
An a ltered pattern of fibrob last growth was also noted in all 
(2+2) cult ures (Fig lB). Both the abnormal pattern of growth 
and t he occurrence of fibroblast detachment could be explained 
by a modification of 1 or more of t he fibroblast-derived struc-
tural proteins by a component(s) of the MWF. Since normal 
serum reverses the detachment of fibrob lasts, but does not 
allow the cells to grow in a normal pattern, it is likely t hat 
more than one mechani sm accounts for t he various effects seen 
with MWF . 
Results were similar when one patient's MWF was tested 
with 2 different fibroblast lines and 2 different sources of HS. 
Thus, our findings are not related to an idiosyncratic effect of 
the fibroblast assay line or the HS used. 
Efforts are continuing in our laboratory to determine whether 
the observations made in t his study are common events in all 
wound healing or, alternatively, reflect the unique characteris-
tics of either moist wound healing or the specific membrane 
used. 
REFERENCES 
1. Alper JC, Welch EA, Ginsberg M, Bogaars H, Maguire P: Moist 
wound healing under a vapor permeable membrane. J Am Acad 
Dermatol 8:347-353, 1983 
2. Wint~r GD: Epidermal re~eneration studied in the domestic pig. 
Ep1dermal Wound Healmg. Ed1ted by HI Maibach, DT Rovee. 
Chicago, Year Book Medical Publishers, 1972, p 85 
3. Chen TR: In situ detection of mycoplasma contamination in cell 
cul tures by fluorescent Hoechst 33258 stain. Exp Cell Res 
104:255- 262, 1977 
4. Gospodarowicz D: Localization of a fibroblast growth factor and 
its effect alone and with hydrocortisone on 3T3 cell growth. 
Nature 249:123- 127, 1974 
5. Waterfield MD, Scrace GT, Whittle N, Stroobant P, Johnsson A 
Wasteson A, Westermark B, Heldin CH, Huang JS, Deuel TF~ 
Platelet-derived growth factor is structurally related to the pu-
tative t ransforming protein p28';' of simian sarcoma virus. Na-
ture 304:35- 39, 1983 
